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I. Introduction
First observed and routinely reproduced at Alcator C-Mod ever since, the Enhanced DAlpha High-confinement mode (EDA H-mode) [1] [2] [3] provides an interesting approach to sustained good confinement necessary for reactor-scale operation. The EDA H-mode gets its name from the enhanced D  emission (relative to that of the conventional H-mode). It is not plagued by edge-localized modes (ELMs), yet it does not suffer the radiative collapse (and subsequent relaxation to the low-confinement mode, or L-mode) that typically curtails the ELM-free Hmode. The mode owes its freedom from radiative collapse to its enhanced particle transport, which occurs by a continuous (i.e., not an intermittent) process. The enhanced particle transport reduces impurity build-up in the core while energy confinement time remains comparable to that of the ELM-free H-mode.
From a practical point of view, it is important to understand how the parallel heat flux in the scrape-off layer (SOL) scales with characteristic parameters of the EDA in order to anticipate operational constraints on future machines that may attempt to run scaled-up versions of this operational mode. Practical concerns include damage to the divertor and other plasma-facing components, main-chamber wall recycling, and power-exhaust control. 4 Such concerns tend to focus attention on the radial profile of the parallel heat flux in the SOL as a function of the power entering the SOL (P SOL ) in the outboard midplane (OM) region. In particular, the rate with which that profile falls off with increasing radius, i.e., the "SOL width," is determined by the competition between perpendicular transport into, and parallel energy transport away from, the OM.
Perpendicular turbulent transport and its effect on SOL profiles have been addressed previously. Earlier work by other authors compared the turbulent radial transport of density and temperature obtained from ESEL code simulations 5 with experimental data for TCV 6, 7 and JET. 8 These studies obtained reasonable agreement between simulation and experimental SOL profiles, and demonstrated that radial transport of both particles and energy were dominated by turbulent motions of plasma blob-filaments. The SOL heat-flux width scaling was not explicitly addressed.
The present paper presents results from reduced-model, scrape-off layer turbulence simulations of an EDA H-mode shot at C-Mod. The simulations were carried out using the SOLT turbulence code. 9 It was motivated by (and closely adopts the methods of) a previous study 10 of the SOL heat-flux width in low-power H-mode discharges at NSTX. Interesting differences were found between the scalings in the two simulations (for the NSTX and C-Mod cases), that shed light on the underlying physics in the experiments.
In SOLT simulations, blobs of plasma are generated by the nonlinear saturation of the interchange instability in the edge region of the OM. 9 Unchecked, the (charge-polarized) blobs would EB-stream radially outward into the SOL, 11, 12 in SOLT's version of the L-mode.
However, in these H-mode simulations, consistent with experimental measurements 4 and general theoretical considerations, 13 there is a quasi-stationary, sheared, mean poloidal flow that acts as a transport barrier, bottling-up the blobs in a neighborhood of the separatrix, near a local maximum (i.e., zero-shear point) of the flow. In a frame moving with this local flow maximum, the density blobs are quasi-stationary. But to each blob is associated a local dipole vorticity (or charge). This row of poloidally-streaming, separatrix-spanning vortices 10 is responsible for the radial transport of energy and particles into the near-SOL in the H-mode simulations for both NSTX and Alcator C-Mod, although the vortices are more intermittent in NSTX than in C-Mod.
The quasi-stationary vortices give the EDA H-mode the appearance of a continuous process, consistent with the earliest observations at Alcator C-Mod. 2 There are significant quantitative differences between the transport characteristics of the two experiments. For example, the parallel heat flux width decreases with increasing P SOL in the C-Mod EDA H-mode shot, while it increases with increasing power in a series of NSTX Hmode shots studied earlier. 10 The SOLT simulations reproduce these observations, and analysis of the simulations suggests that the explanation for the observed difference in SOL width scaling lies in the greater collisionality of the C-Mod shot, which we will discuss in Sec. III.
In the simulations of the EDA H-mode, the string of blobs, streaming by at the local poloidal mean-flow velocity, generates a strong quasi-coherent feature in power spectra of the density fluctuations. Similarly, the energy spectrum peaks at a wave number (~1 cm determined by the average number of blobs per unit poloidal length in the string. These spectral features are like those associated with the quasi-coherent (QC) mode 4 that is invariably observed during EDA operation at C-Mod. We explore SOLT's QC mode in Sec. IV.
II. The simulation model

A. Equations of evolution
The SOLT model equations have been elucidated previously. Here we briefly recapitulate the description given in Refs. [9, 10] for completeness. The work in Ref. 10 strongly motivated the present investigation, and we adopt its methodology and notations, but not its parameters, here. Our choice of parameters and profiles for simulating the EDA H-mode is described next in Sec. IIB.
SOLT is a two-dimensional (2D) electrostatic fluid turbulence code. The code models the evolution of potential, density and temperature in a plane perpendicular to the magnetic field B, in the OM region of the torus. The potential evolution is described in terms of the evolution of fluctuating (i.e. poloidally varying) vorticity and mean (i.e., poloidally averaged) fluid momentum. SOLT contains a reduced description of the electron drift wave and interchange instabilities, and sheath physics. Curvature-and grad-B-driven charge polarization enable blob transport of strong fluctuations (n/n ~ 1) from the edge into the SOL. The parallel physics is modeled by closure schemes which depend upon the regime. 14 The code has recently been generalized to allow regime-dependent closures for the parallel current and heat flux. 10 The basic equations of the SOLT model in dimensionless form (using the Bohm 
The simulation plane is denoted as the (x, y) plane where x is the radial direction and y is bi-normal (approximately poloidal). Here, for any quantity Q, <Q>  Q denotes the y-averaged or mean part and Q  {Q}Q Q denotes the fluctuating part. Also, we define v = e z  and The simulation uses forms for the particle, energy and momentum sources that facilitate simulation of experimental shot data. Inside the separatrix, density and temperature are restored to reference profiles using the source functions in Eqs. (2) and (3):
, where n 0 (x) and T 0 (x) are taken from the experiment. The restoration rates  n,T (x) are maximized at the core-side boundary and fall to zero sufficiently within the LCFS that they do not affect the dynamics in the interchange instability-dominated edge and SOL regions.
Similarly, in Eq. (4), we restore the mean flow to a reference flow profile p y0 (x). In an earlier study of saturation mechanisms in L-mode turbulence, 16 p y0 was taken to be identically zero and  p was taken to be a constant that was varied to control the flow shear. As in the H-mode study that motivated this one, 10 we take p y0 (x) to be a non-trivial prescribed flow and relax to it only inside the LCFS, i.e.,  p (SOL) = 0, so the poloidal momentum evolution is self-consistent in the SOL but constrained inside the LCFS. The choice of p y0 is described in Sec. IIB below. In summary, the simulation is designed to evolve self-consistent physical dynamics in the SOL, but is constrained to connect smoothly to prescribed (i.e. experimentally measured) quantities for the simulated discharge in the core region.
To close the system of equations, the parallel current J || and heat flux q || must be expressed in terms of the dynamic variables , n and T. We recently implemented a set of closure relations, valid for a range of collisionality regimes, from conduction-limited to sheathconnected, as discussed in Appendix A of Ref. [10] . The low collisionality limit of these expressions recovers the sheath connected limit used in previous work.
The dimensionless forms of the parallel heat flux in the sheath-limited (SL), flux-limited (FL) and conduction-limited (CL) regimes are
Here 0 sh  is the value of sh  at a reference value of connection length L || and the dimensionless collisionality parameter is given by  =  ei L || / ( e  s ), with  r evaluated at reference parameters to underscore the temperature dependence of q ||CL . The flux limit for electron heat conduction is 60 C fle ~ (m i /m e ) 1/2 . A smooth interpolation between regimes is given by
and we adopt this expression in the simulations. The smallest of q || ' s components dominates the result. As collisionality is raised, the system transitions from sheath-limited to conductionlimited.
For the parallel current, a similar method (i.e. piecing together asymptotic results from the different regimes) is employed, with
where expressions similar to Eqs. (5-7) hold for the components of J || in the corresponding regimes. (See Appendix A of Ref. [10] for the explicit expressions.) We emphasize that Eqs. (8) and (9) depend on the evolving fields, so that the turbulent evolution self-consistently determines the collisionality regime.
B. Parameters and Profiles
The parameters and profiles for the simulations are taken from the experiment: EDA Hmode shot #1100303018 at Alcator C-Mod, measured at 1.052 and 1.409 seconds into the shot.
For each of these two time slices, we use the measured density and temperature profiles, from the C-Mod edge Thomson scattering system, as our reference profiles (n 0 and T 0 ). The dimensionless profiles used in the code are the physical versions divided by their values at the LCFS, and the reference values for length ( sr ) and velocity (c sr ) used to convert between physical and dimensionless variables are similarly measured at the separatrix for each time slice.
The reference profiles are plotted in Fig. 1 for the earlier time slice. (We use "x" and "r" to denote the radial dimension, but the origin for r is the location of the separatrix: r  x -x SEP .)
The magnetic induction is 4 Tesla, and this is a deuterium plasma, so that  ci = 1. Table I .) But we chose a minimal-diffusion regime to emphasize the role of turbulent convection (blobs), as opposed to ad hoc linear diffusion, in establishing the SOL width.
The relaxation rates for the density and temperature sources ( n and  T ) are chosen to restore the reference profiles smoothly near the core-side boundary (x = 0), without interfering with the self-consistent turbulent dynamics in the edge and SOL. These rates are shaped like their corresponding reference profiles, i.e.,  n (x) =  n0 n 0 (x)/n 0 (x=0) and  T (x) =  T0 T 0 (x)/T 0 (x=0), if
x < x SEP -4  sr , and equal to zero otherwise.  n0 and  T0 are equal to 0.01 in these simulations.
The momentum profile to which the mean flow relaxes only inside the LCFS is
The corresponding velocity is v y0 = p y0 / n 0 . (See Eq. 4.) Setting  = T i /T e recovers the expression for the poloidal EB flow that results from balancing the radial electric field force against the pressure gradient for ions. This balance is known to approximate the radial equilibrium in the H-mode pedestal. 17 Here, however, we treat  as a free parameter and adjust it to control the turbulence by controlling the shear rate of the mean flow (and so the interchange instability, for example) in the edge region. The relaxation rate,  p , in Eq. (4), is equal to one if x ≤ x SEP and equal to zero otherwise. The reference flow v y0 is plotted in Fig. 1 Energy spectra of fluctuations are observed to fall rapidly to ignorable levels with increasing wave number, approaching the resolution limit (k sr → 1), and so validating the fluid model a posteriori. However, the discovered SOL widths, by our definition (Sec. III), are close to the reference gyro radius  sr (~ 0.5 mm). So, particularly in the minimal-diffusion regime, this diagnostic measurement requires a radial resolution approaching the fluid limit.
III. SOL width scaling with power and T e
Following Ref.
[10], we calculate the power crossing the separatrix as A similar, though more intermittent, saturated state was observed in a study of the ELMfree H-mode at NSTX. 10 The state was described as a poloidal train of "separatrix-spanning vortices." Here too the QC mode is comprised of separatrix-spanning vortices: each blob in the string is associated with a dipole vorticity pattern. Fluctuations about the "perfect" dipole engender net particle transport: a poloidal array of symmetric, alternating vortices transports as much plasma radially outward as inward. Although this symmetry is clearly broken in SOLT's QC mode, as blob emission demonstrates, only a small portion of the local radial particle flux results in net transport.
The local radial particle flux, nv x ( ) is the sum of two pieces: a piece that is first-order in the fluctuations, ‹n›v x (   ), and a second-order piece, nv x (   ). In SOLT, the radial velocity has zero poloidal mean by definition, (v x = /y, and all fields are periodic in y, ergo ‹v x › = 0) so   does not survive poloidal averaging while   does and is responsible for the net radial transport.   dominates power spectra sampled near the birth zone, i.e., most of the energy in the local radial particle flux corresponds to rotating vortices and no net transport.
We isolate that part of the net radial flux which is due to the QC mode according to
a function of radius, where the angular brackets denote the time-and-poloidal average, and the summation is restricted to the QC feature in the (,k y )-plane. At the location of maximum flux (r = 0.23 mm), we find 48% of the net particle flux coming from SOLT's QC mode, in qualitative agreement with estimates from Alcator C-Mod that suggest the QC mode is a main contributor to particle transport. 3
V. Summary and discussion
Motivated by a previous successful study of low-power H-mode discharges on NSTX, 10 we is observed in both simulation and experiment. Cascade to the lowest poloidal mode number is not observed. We speculate that a radial barrier to turbulence, set by the dominance of drift-wave dynamics moving into the core, determines the characteristic radial mode structure of the interchange turbulence. This in turn favors a specific poloidal wavenumber for the turbulence, which is manifest as the QC mode. Clearly, confirming this speculation will require more work, and is a subject of ongoing studies. 
